Saturation mutagenesis was performed on three noncatalytic residues, Asn71, Leu108, and Gly177, in and near the active site of Arabidopsis thaliana GSTZ-1 (AtGSTZ-1). Forty unique mutants with more than 10% activity increases, were obtained. Of these, 12 resulted in large activity improvement and were purified for further characterization. Remarkably, 11 of them contained mutations at Leu108, suggesting that Leu108 plays an important role in dichloroacetic acid-dechlorinating (DCA-DC) activity. Kinetic analysis revealed that multiple mutations at these residues increased k cat /K m toward DCA and GSH by as much as 2.2-and 5.8-fold, respectively. Since the catalytic residues were not involved in mutagenesis, the activity enhancements were presumably due to structural change in the active site rather than to a change in catalysis. Our results also suggest that the specific shape of the active site in AtGSTZ-1 is essential to its unique DCA-DC activity.
Glutathione transferases (GSTs, EC 2.5.1.18) are a ubiquitous enzyme superfamily. 1, 2) The newly discovered zeta class GSTs (GSTZs) show very low or no activity toward classical GST substrates.
3) Instead, GSTZs display unique isomerizing activity toward maleylacetoacetate and dechlorinating activity toward -haloacids, including dichloroacetic acid (DCA). 4) DCA is a disinfection byproduct in chlorinated drinking water 5) that is hepatocarcinogenic in rats, and mice. 6) Pharmacokinetic studies of GSTZ knockout mice have suggested that GSTZs are the only significant enzymes that efficiently biotransform DCA in vivo. 7) Deficiency of GSTZ is known to activate the antioxidant response pathway and the bypass in the tyrosine metabolic pathway. 8) Human GSTZ-1 (hGSTZ-1) has been well characterized as to structure and kinetic mechanisms. 9) However, the binding and kinetics of plant GSTZs are largely unknown. Arabidopsis thaliana GSTZ-1 (AtGSTZ-1, GenBank ID AY208155) is one of the most widely investigated plant GSTZs. It forms a homodimer with each subunit consisting of 221 amino acids. 10) Like typical GSTs, the GSH-binding site (G-site) and hydrophobic substrate-binding site (H-site) of AtGSTZ-1 are located in the N-and C-terminal domains respectively (Fig. 1A) .
Notably, the buried surface area between domains in AtGSTZ-1 (1,125 Å 2 ) is much smaller than that observed in alpha, mu, and pi class GSTs (1,400 Å 2 ), 2) indicating altered shapes of the substrate-binding pockets. The DCA-dechlorinating (DCA-DC) activity of AtGSTZ-1 was not inhibited by 1 mM S-hexylglutathione 11) or 5 mM S-octylglutathione, 12) both of which are GSH analogs known to inhibit all other plant GSTs. 1) Moreover, mutations of the G-site residue Ser73 to bulky amino acids eliminated the DCA-DC activity. 12) This suggests that the specific shapes of the G-and H-sites account for the unique DCA-DC activity of AtGSTZ-1.
To evolve the DCA-DC activity of AtGSTZ-1 by manipulating the shape of the active site, three noncatalytic residues, Asn71, Leu108, and Gly177, rather than those of catalytic importance such as Ser17 and Cys19, 10) were subjected to saturation mutagenesis in this study. Asn71, Leu108, and Gly177 are residues in or near the active site (Fig. 1B ). Asn71 appears on the border between the 3 helix and the 4 strand, mutation of which was found in a multiple mutant with enhanced catalytic activity. 13) Leu108 is located at the C-terminus of the 4 helix, its side chain pointing to the GSH (Fig. 1A) . Gly177 is at the bottom of the H-site, which might be important for the binding of DCA. The mutant library was screened by high-throughput DCA-DC activity assay. 14) Mutants with large activity increases were purified and further characterized.
Materials and Methods
Library construction. Four short DNA fragments, A, B, C, and D, were amplified using a common template pMD-18T-AtGSTZ 15) and oligonucleotide pairs pET-T7 (5 0 GAAATTAATACGACTCACTATA-
0 ) and Gly177-F (5 0 CACNNKGCAATCAACAGATTCCA-GATTAAC 3 0 )/Seq-Rew (5 0 CGGATATAGTTCCTCCTTTCAGC 3 0 ) respectively. Fragment A þ B was then generated by assembly PCR using gel-purified fragment A and B and primers pET-T7/Leu108-R. Assembly of fragment C þ D was accomplished using fragments C and D and primers Leu108-F and Seq-Rew. The whole fragment, which is 925 bp long and included the encoding region and the flanking regions of vector, was then assembled using gel-purified fragment A þ B and y To whom correspondence should be addressed. Tel/Fax: +86-22-23500133; E-mail: xiwenchen@nankai.edu.cn Biosci. Biotechnol. Biochem., 74 (7), 1458-1461, 2010 C þ D and the primer pair pET-T7/Seq-Rew. The fragment was gel purified, digested with NotI and NdeI, ligated into the NdeI/NotI site of the pET21b(þ) vector, and then transferred into electro-competent Escherichia coli DH5-FT cells. The resulting 190,000 colonies from several transformations were collected as the mutant library.
High-throughput screening for mutants with improved DCA-DC activity. The library plasmid was transformed into chemically competent E. coli BL21(DE3) cells. The mutant library was screened by high-throughput DCA-DC activity assay. 14) Initial screening was based on visual inspection for an enhanced reddish color. The mutants selected were assayed for a second round as above, except that A 535 of the colorimetric reaction was recorded using a Labsystems model Multiskan Ascent microplate photometer (Thermo Fisher Scientific, Waltham, MA) and that crude protein expression was estimated by resolving crude cell lysis on a 12.5% SDS-PAGE gel with bovine serum albumin of known concentration as internal control. AtGSTZ expression was estimated by the density ratio of the target band and the BSA standard, which were analyzed using Image J (http: //rsb.info.nih.gov/ij/). The ratio of A 535 (with the background subtracted) and the estimated expression was defined as high-throughput activity. Mutants with 10% or more increases were recorded as improved mutants, and then sequenced.
Protein expression, purification, and specific activities of mutants. Improved AtGSTZ-1 mutants with more than 40% increases in highthroughput activity were expressed with His6-tags and purified using Ni-NTA magnetic agarose beads (Qiagen, Hilden, Germany), as previously described. 15) All the protein samples were purified to >95% homogeneity as confirmed by SDS-PAGE gels, and their concentrations were determined by the Bradford method with BSA standards of known concentrations. Specific activity was determined by a reported method 5) with small adjustments. Instead of using 0.1 mM DCA/1 mM GSH and an incubation time of 20 min, 2.5 mM DCA/ 10 mM GSH was used, and the incubation time was reduced to 15 min. One unit of dechlorinating activity toward DCA was defined as 1 nmol glyoxylic acid produced per min.
Kinetic constants of mutants. Kinetic experiments were performed as described previously 7) with small modifications. The Michaelis kinetic constants for DCA were determined under a fixed GSH concentration of 4 mM and variable concentrations of DCA, ranging from 0.2 mM to 2 mM. For GSH kinetics, DCA concentration was fixed to 2 mM and the GSH concentration was varied from 0.5 mM to 4 mM. A reduced incubation time of 5 min was used in the kinetic experiments. The data were fitted to Michealis-Menten equation using CurveExpert 1.3 (Daniel G. Hyams, http://curveexpert.webhop.net). Six experimental replicates with the same protein preparations were performed.
Structure overlay of AtGSTZ-1 and human GSTZ-1. AtGSTZ-1 and human GSTZ-1 (hGSTZ-1) share 48% identity in primary structure.
10)
The hGSTZ-1 structure (PDB ID: 1FW1) contained a GSH molecule bound in the G-site and a sulfate ion in the H-site.
9) The AtGSTZ-1 structure (PDB ID: 1E6B) was of apo form.
10) The structures were superimposed using PyMOL (W. L., DeLano, PyMOL molecular graphics system, www.pymol.org, 2002) with a root mean square deviation (RMSD) of 1.210 for 1 145 atoms aligned. The GSH molecule and the sulfate ion from hGSTZ-1 were accurately superimposed into the active site of AtGSTZ-1.
Results
Library construction and high-throughput screening Saturation mutagenesis was achieved using degenerate codon NNK. The number of possible combinations on the nucleotide level was 32,768 (32 Â 32 Â 32). The mutant library contained 190,000 colonies, sufficient for full coverage with 99% confidence. Based on diagnostic colony PCR of 58 randomly picked colonies, 95% of the clones in the library were correct. The deviation of the wild-type activity under the high-throughput condition was À5%. Hence, a 10% activity increase was a reasonable cut-off in selecting improved mutants. From the 9,500 colonies screened, 40 improved mutants were identified, and were confirmed by three repeats of the high-throughput activity assay. The amino acid mutations and normalized high-throughput activities of the improved mutants are shown in Fig. 2 .
Twelve of the 40 improved mutants contained only one mutation at the three chosen sites, including eight Leu108 mutants, two Gly177 mutants, and two Asn71 mutants. More than half (21 out of 40) had two mutations, and only seven contained mutations at all three mutation sites. Unexpected mutations beyond the selected sites were also present in nine of these mutants perhaps as a result of the repeated PCR process. It was difficult to analyze the effects of these unexpected mutations, but two mutants, 0769 and 1818 with unexpected mutations showed more than 40% activity increases. Of the 40 mutants, 34 contained mutations at Leu108, whereas only 20 had mutations at Asn71, and 21 had mutations at Gly177. No amino acid preference 
Specific activities of the 12 purified mutants with large activity increases
The specific activities of the 12 purified mutants are shown in Table 1 . Their expression levels were within 20% variation of wild-type expression (data not shown). Among these selected mutants, two were single mutants, and the remaining ten were double mutants. None of them contained all three mutations at Asn71, Leu108, and Gly177, suggesting that the presence of three mutations in the same mutants might be very destabilizing. Almost all these mutants (11 of 12) contained mutations at position 108, suggesting that the mutation at Leu108 was more effective at improving activity. Two unexpected mutations, K96E and H176R, were also found very important in mutants 0769 and 1818 respectively.
Kinetic studies of the 12 purified mutants with large activity increase
As for DCA kinetics (Table 2) , seven of the 12 mutants showed increased binding affinity (decreased K m DCA values) and 10 showed enhanced k cat DCA . Mutant 0240 (L108K/G177A) showed the largest improvement in K m DCA (2-fold), while 1381 (L108G/G177A) resulted in the largest increase in k cat DCA (2-fold). The most enhanced k cat DCA /K m DCA was found in mutant 0454 (L108S/G177A), a 2.2-fold increase. As for GSH kinetics (Table 2) , six of the 12 mutants showed improved affinity, and 10 showed enhanced k cat GSH . Mutants 0441 (L108E/G177A) and 1381 (L108G/ G177A) resulted in the most significant improvements in K m GSH (4-fold), while mutant 1150 (G177S) yielded the largest increase in k cat GSH (3-fold). However, the largest improvement in k cat GSH /K m GSH was found in mutant 0441 (5.8-fold), which arose mainly from its improved affinity to GSH.
Discussion
Previous studies of AtGSTZ-1 have suggested that its unique DCA-DC activity is related to the specific shapes of the G-and H-sites. [10] [11] [12] In the present study, saturation mutagenesis was performed at three noncatalytic residues in and near the active site to determine whether DCA-DC activity would be enhanced by altering the structure of the active site without changing the catalytic mechanism. Overlap extension PCR was used to introduce multiple mutations, as these three residues are distant in the primary sequence. Saturated High-throughput activity was determined by the ratio of A 535 and the estimated expression, as described in ''Materials and Methods.'' Values are represented as the means of three replicates. WT, mutants with 10%-40% activity increases and mutants with >40% activity increases are shown by white, gray and black bars respectively. substrate concentrations were used to screen for mutants with optimal k cat instead of physiological concentrations for optimal k cat /K m . This explains why mutants 1381 and 1150 showed significant improvements in k cat DCA and k cat GSH respectively, but decreases in k cat /K m toward DCA and GSH.
In the 12 purified mutants with large activity increases, no single mutation at Asn71 was found to improve activity, though there was no obvious amino acid preference for this position. In contrast, single mutations L108G and G177S showed remarkable activity enhancement (Table 1 ). This indicates that mutations at Asn71 do not contribute to DCA-DC activity as much as those at the other two sites. The mutations at Asn71 can be beneficial, if at all, when combined with other mutations. The improved mutants frequently contained mutations at position 108. Polar amino acid substitutions were found in many of the improved mutants, including 0240, 0426, 0441, 0454, and 1818. Kinetic analysis of these mutants revealed that polar amino acids at Leu108 enhanced both substrate binding and the turnover rate. It was also found (Fig. 1A) that the side chain of Leu108 was close to the superimposed GSH molecule. Therefore, the polar amino acid substitutions at this position might stabilize the binding of GSH. Gly177, however, was highly conserved in small amino acids, presumably because substitution by bulky amino acids destabilized the protein due to structural constraints.
To the best of our knowledge, the importance of Asn71, Leu108, and Gly177 has not been reported, nor have their equivalent residues in other GSTs been studied. Our results suggest that multiple mutations at these residues enhance both the binding affinity and the turnover rate of AtGSTZ-1. These enhancements were mainly due to structural changes in the active site rather than altered catalysis, because the catalytically important residues were not involved in mutagenesis. The sizes and polarity of the amino acids were important factors in the activity improvements. For example, mutant 1381 with Leu108 replaced by a smaller glycine decreased K m GSH by 4-fold and increased k cat DCA by 2-fold. Mutant 0441 with Leu108 replaced by a polar glutamic acid yielded 4-fold lower K m GSH while mutant 1818 with a L108C mutation enhanced k cat GSH by 2.6-fold.
Successful improvement of the DCA-DC activity of AtGSTZ-1 by manipulating three non-catalytic residues in or near the active site suggests that the unique DCA-DC activity is related to the specific structure of the active site. The improved mutants identified can not only contribute to understanding the DCA-DC activity of AtGSTZ-1, but also are important sources for developing useful GSTZ variants. 
